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SPECIAL ISSUE: Flexible and Stretchable Energy

Newborn 2D materials for flexible energy conversion
and storage
Jinxin Liu, Hui Cao, Bei Jiang, Yinghui Xue and Lei Fu*

ABSTRACT  Newborn two-dimensional materials
(NB2DMs) beyond graphene such as transition metal
dichalcogenides (TMDs) exhibit excellent optoelectronic
and mechanical properties as well as high theoretical specific
capacity, which make them become the promising building
blocks of flexible energy devices related to energy conversion
and storage. Compared to graphene with zero band gap
or traditional friable materials such as Si, these NB2DMs
are more suitable to construct flexible devices as active
layers of optoelectronic devices or as active materials for
batteries. The present review focuses on the recent advances
in bendable energy devices based on NB2DMs, including
batteries, supercapacitors (SCs), solar cells, photodetectors
and nanogenerators (NGs). The NB2DMs pave a new way
to construct next-generation flexible energy devices with
improved performance and we believe that those devices
will be seen in our daily life and change our lifestyle in the
immediate future.

Keywords:  2D materials, transition metal dichalcogenides, flex-
ible energy conversion and storage

INTRODUCTION
Nowadays, wearable equipment plays an important role in
our daily life [1–3]. The development of these electronic
equipments, such as wearable devices, rollup displays and
bendable mobile phones has caught the great interest of
the flexible applications. Among them, flexible energy
device related to energy conversion and storage is one
of the most significant fields on account of the global
energy crisis and the requirement of portability. Batteries,
supercapacitors (SCs), photodetectors, solar cells and
nanogenerators (NGs) have attracted enough attention
of researchers. These devices could exhibit stable per-
formance after repeated stretching [4–6]. Certainly, each
component of the flexible devices, such as active layers of
the optoelectronic devices and current collectors of the

batteries, should be mechanically stable and flexible [7–8].
Furthermore, the active materials should also possess good
electrical conductivities, high theoretical specific capacity
for energy storage applications [5] or sizable band gaps,
high quantum yield for optoelectronic devices related to
energy conversion [9]. Two-dimensional (2D) materials
usually exhibit excellent mechanical properties owing to
their atomic thickness, which makes them become the
ideal candidates of the flexible devices. As the first 2D
material with good electrical properties, graphene has
attracted significant attention as the conductive electrodes
of the devices [5]. However, it is unsuitable for graphene
to serve as the promising active materials in the energy
applications due to its gapless property [10] and low the-
oretical specific capacity [11]. Nevertheless, newborn
two-dimensional materials (NB2DMs) beyond graphene
such as transition metal dichalcogenides (TMDs) and
black phosphorus (BP) could satisfy these devices owing
to their unique and attractive plastic, electrochemical and
photoelectrical properties [12–14].
These planar materials generally exhibit tunable band

gaps related to thickness, which makes them promising
candidates for flexible optoelectronic applications [15].
Meanwhile, larger interlayer spacing, high theoretical spe-
cific capacity and power density make them very suitable
in stretchable energy storage devices [16,17]. Induced by
their excellent mechanical properties [18,19], the NB2DMs
have been investigated in several flexible applications, such
as batteries [20], SCs [21], photodetectors [22], etc.
Here, we reviewed the recent progress of the NB2DMs-

based flexible devices related to energy conversion and stor-
age. In the first part, we summarized the latest successful
examples of flexible batteries and SCs based on these mate-
rials with high theoretical specific capacity and power den-

Laboratory of Advanced Nanomaterials, College of Chemistry and Molecular Science, Wuhan University, Wuhan 430072, China
*Corresponding author (email: leifu@whu.edu.cn)

459 
© Science China Press and Springer-Verlag Berlin Heidelberg 2016

SCIENCE CHINA Materials REVIEWS

http://crossmark.crossref.org/dialog/?doi=10.1007/s40843-016-5055-5&domain=pdf&date_stamp=2014-05-23


sity. In the following section, we presented the improve-
ment of the NB2DMs-based flexible devices related to the
energy conversion. Finally, we briefly outlined the recent
achievements in the flexible energy applications based on
these materials.

FLEXIBLE DEVICES FOR ENERGY
STORAGE
To meet the demand for rapid development of portable,
andwearable electronic devices, extensive efforts have been
devoted to developing flexible energy storage application
[23]. Those devices, such as flexible lithium ion batteries
(LIBs) and SCs, can be utilized to store energy without dra-
matic decrease of their performance when subjected to re-
peated bending, folding and stretching. Graphene mate-
rials with excellent mechanical flexibility and conductivity
possibly can provide the devices with good performance
[25,27]. However, when mixed with active electrode ma-
terials, graphene will diminish energy density and power
density of flexible devices. Thus, tremendous research has
been devoted to developing flexible energy devices based
on the NB2DMs. Similar to graphene, MX2 (M = Ti, Nb,
Mo,W, Ta; X = S, Se, Te) and BPwith strong in-plane bonds
and weak out-of-plane bonds have received considerable
attention for lithium redox reversibility and higher theoret-
ical specific capacity [16,28,29]. The larger interlayer spac-
ing between theNB2DMs layers allows reversible and rapid
ions intercalation and deintercalation without any signifi-
cant change in volume [17]. Furthermore, the NB2DMs
with excellent flexibility can provide the devices with ex-
ceptional performance under bending or stretching condi-
tions. This section was organized in two main parts, flex-
ible batteries and SCs. The advancements and the chal-
lenges of the NB2DMs devices for energy storage were dis-
cussed and summarized.

Batteries
A battery is an energy storage device that can transform
chemical energy into electricity. In order to satisfy the
rapidly increasing demands of ever new portable devices, it
is urgently required to develop advanced flexible batteries
with outstanding electrochemical performance [30], such
as flexible LIBs, flexible sodium ion batteries (SIBs), flex-
ible lithium-O2 batteries, flexible lithium sulfur batteries
(LSBs) and so on. An ideal flexible battery is commonly
composed of flexible electrode materials with higher theo-
retical capacity, while separators, electrolytes and packing
materials are usually bendable polymer films [4].

Lithium ion batteries
LIB is one of the rechargeable battery types in which
lithium compound is selected as the electrode material.
The working principle of the internal LIBs is based on the
chemical reaction of lithiation and delithiation process for
the electrode active materials [7]. Due to the high energy
and power density, high operating voltage, low self-dis-
charge rate and relatively long-term cycling stability, LIBs
become one of the most attractive power sources of plenty
of energy storage devices [16,31]. Conventional LIBs are
hard to satisfy particular requirements of flexible electron-
ics in tough environmental situations, for electrode active
materials are usually mixed with conductive additives and
polymer binders [16], thus materials are easily separated
from each other and affect the performance of the flexible
LIBs. Flexible LIBs not only need to show excellent elec-
trochemical performance and safe operation but also to
exhibit superior flexibility. The softness, bendability and
high capacity of the nanostructured NB2DMs render them
as the potential candidates of the flexible LIBs. In order to
make flexible batteries get better practical applications in
the daily life, many efforts have been devoted to realizing
mechanical flexibility of the NB2DMs-based batteries.
Electrochemical active materials, electrolytes and collec-

tors are three main parts, which are widely studied in flexi-
ble LIBs [32]. Among the various functional electrode ma-
terials explored for flexible LIBs, the NB2DMs have gath-
ered increasing attentions. MoS2, a kind of TMDs with the
similar layered structure as graphite, allows reversible Li+

intercalation/extraction and it possesses an ultrahigh the-
oretical specific capacity of 670 mA h g–1(based on 4 mol
of Li+ insertion). It is usually much higher than that of
graphene (usually in the range of 200 to 500 mA h g−1)
[24,29], which makes MoS2 the most popular next-gener-
ation materials in LIBs [20]. Chen et al. [24] introduced
Fe3O4 nanoparticles into MoS2 nanosheets to achieve su-
perior electrochemical performance (Figs 1a and b). A
flexible MoS2/Fe3O4 composite anode was synthesized by
a facile hydrothermal method, the morphology of the ob-
tained MoS2 nanosheets was similar to that of graphene
[33]. In this work, MoS2 nanosheets functioned as flex-
ible substrates, and Fe3O4 nanoparticles were good spac-
ers in this composite anode. The composite was capable of
accommodating the volume changes during cycling, thus
facilitating electrolyte penetration and faster lithium ion
transport throughout the electrode. And during the sub-
sequent electrochemical tests, the battery shows superior
cyclic and rate performance, and enhanced reversible ca-
pacity of 1033 mA h g–1  (2000 mA g–1)  and 224 mA h g–1
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Figure 1    (a) The morphologies of Fe3O4/MoS2 electrodes before cycling. (b) The morphologies of composite electrode after cycling. (c) Cyclic per-
formances of Fe3O4/MoS2, H-Fe3O4/MoS2, and MoS2 from cycle number 561 to 1180. Reproduced with permission from Ref. [24]. Copyright 2014,
Wiley-VCH Verlag GmbH & Co. KGaA. (d) A digital photograph of WS2/rGO WG-2-1 paper shows good flexibility. (e) Charge-discharge curves of
the WG-2-1 paper. Reproduced with permission from Ref. [25]. Copyright 2014, Elsevier. (f) Photograph of a BP-G hybrid paper, showing its good
flexibility. (g) The second galvanostatic charge/discharge profiles of the BP nanosheets, G paper, and BP-G hybrid paper electrodes at a current density
of 100 mA g−1 within a potential window of 0.001–3 V (vs. Li+/Li0). Reproduced with permission from Ref. [26]. Copyright 2016, Wiley-VCH Verlag
GmbH & Co. KGaA.

(10,000 mA g–1), respectively (Fig. 1c). 2D MoS2 holds
great potential in flexible energy storage for higher capacity
and as flexible substrate.
Reduced graphene oxide (rGO) with excellent flexibil-

ity and good electrical conductivity, attracted increasing
and considerable attention for fabricating flexible elec-
trodes [34,35], however, its low capacity limited its final
application [36]. WS2 is an attractive 2D layered anode
material and its theoretical specific capacity (433 mA h
g–1) is higher than that of graphene, but it also suffers from
severe restacking and low electronic conductivity during
electrochemical reaction [25]. To solve this, Liu et al.
[25] developed a simple filtrated assembling method and

hydrothermal reduction process to prepare flexible lamel-
lar WS2/rGO paper. When it functioned as binder-free
anodes for LIBs, the composite paper demonstrated good
flexibility (Fig. 1d). In uniform hybrid structures, rGO
nanosheets with high conductivity greatly facilitate the
transfer of electrons and ions, and efficiently prevent the
restacking of electrochemical active materials during the
electrochemical Li+ insertion/extraction reaction. The
hybrid electrode delivers a high initial discharge capacity
of about 1154.1 mA h g–1 (Fig. 1e) and a charge capacity of
619.3 mA h g–1 (at a current density of 100 mA g–1). And
it also presented excellent cyclic stability and superior rate
capacity. After 100 cycles, free-standing composite elec-
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trode still delivered a capacity of 697.7 mA h g–1. 2D WS2
sheets with uniform layer structure indicate the potency as
binder-free anode materials for flexible LIBs in the future
technological innovation.
In addition to these rapid developments of 2D materials

for flexible LIBs, atomically thin BP, has recently been con-
sidered as a reliable anode material in LIBs. BP possesses a
high theoretical specific capacity of 2596mA h g–1, which is
approximately 7 times that of the widely used graphite (372
mA h g–1) [11]. Recently, Chen et al. [26] reported their
scalable and clean production method for BP. Few-layer
BP nanosheets were exfoliated in water via fully utilizing
the hydrophilic nature of BP crystals. Then the obtained
materials were combined with highly conductive graphene
sheets via a vacuum filtration. Owing to great mechanical
robustness, the BP/G hybrid paper exhibited superior flex-
ibility, which can be bent to nearly 180° without any break-
ing (Fig. 1f), which demonstrates the great potential in the
future flexible energy storage. When BP/G hybrid paper
was employed as anode in LIBs, it exhibits the electrochem-
ical lithium storage capacity as high as 920 mA h g–1 at 100
mA g–1, while for individual BP nanosheets and G paper
electrodes, the capacities drop to 180 mA h g–1 and 435 mA
h g–1, respectively (Fig. 1g). In addition, hybrid papers also
demonstrate a perfect synergistic effect and great improve-
ment of rate capability and cycling performance. BP fully
indicates the potential use as flexible LIBs electrodes and
further demonstrates the advantages of the NB2DMs for
flexible electrochemical energy storage applications and it
will open up more applications for flexible LIBs.

Sodium ion batteries
As a main power source for portable electronic devices,
LIBs lie at the forefront of the present energy storage
technologies [37]. In contrast to LIBs, SIBs have attracted
increasing attention due to their wider availability, lower
cost and similar insertion chemistry property, whichmakes
SIBs a promising candidate for the large-scale energy
storage [38]. Sodium is the second advantageous element
for battery applications besides lithium and it exhibits a
rather negative redox potential of 2.71 V vs. SHE and a
very small electrochemical equivalent (0.86 g A h–1). Thus,
in the past few years some researches have been turned to
the development of SIBs [38]. However, it is well known
that Na+ radius is ca. 55% larger than that of Li+ ions
[41], which induces larger volume change during the Na+

intercalation/deintercalation process. And it is hard for
Na+ to form staged intercalation compounds with graphite
[42]. Among the various electrode materials explored for

flexible SIBs, TMDs with a much larger interlayer spacing
have aroused widespread attention for the same layered
structure as graphite. An interlayer spacing of bilayered
MoS2 is 6.15 Å (3.35 Å for graphite). The extremely weak
van derWaals interaction and the larger interlayer distance
of MoS2 [17] are crucial for sodium ions to efficiently
intercalate and deintercalate without significant volume
expansion. David et al. [37] developed a free-standing
flexible electrode which consisted of acid-exfoliated MoS2
nanoflakes and rGOmatrix. The flexible composite papers
were fabricated by a simple vacuum filtration of homo-
geneous dispersions, and thermal reduction. In addition,
flexible composite layered papers were also subjected to
mechanical tests involving static uniaxial tensile to evaluate
the tensile strength and strain to failure parameters (Figs
2a and b). 40MoS2 (40MoS2 and 60MoS2 for pristine rGO
paper and rGO with 40% and 60% of MoS2 in the total
weight of the paper, respectively.) exhibited higher fracture
strength of approximately 7.8 MPa and modulus of about
424 MPa than those of 60MoS2, which demonstrates the
flexibility of 60MoS2 is better than that of 40MoS2. And
60MoS2 showes a high average strain to failure reaching
approximately 2% and mechanical strength is only 2–3
MPa, showing an obvious improvement of mechanical
stability. When flexible MoS2/G composite papers were
evaluated as counter electrodes in SIB at room temper-
ature, good cycling performance, stable charge capacity
(230 mA h g–1) and high coulombic efficiency (reaching
about 99%) are achieved (Fig. 2c). The first experimental
evidence was offered by this research about reversible
electrochemical storage of Na in layered self-standing
MoS2 composite electrodes. It opens new avenues for the
applications of large scale free-standing binder-free flexi-
ble sodium electrodes for flexible energy storage devices.
Limited by the low chemical reactivity of Mo and Se, the
application of MoSe2 for SIBs has been rarely investigated
so far. Recently flexible MoSe2/carbon cloth composites
were also fabricated by solvothermal method [43]. And it
exhibited superior electrochemical performance for SIBs.
In addition, Xiong et al. [39] developed a simple and

scalable electrospinning method to synthesize flexible
membranes comprised ofMoS2/carbon nanofibers (CNFs).
In this composite, the few-layered MoS2 was embedded in
CNFs. Na+ and electron diffusion distances were greatly
shortened, which enhanced the electrical conductivity of
MoS2 electrodes. The composite films demonstrated supe-
rior membrane flexibility and can be cut into disks when
used as flexible free-standing and binder-free electrodes
(Fig. 2d). When MoS2-CNFs films were used as the work-
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Figure 2    (a) Tensile test setup. (b) Engineering stress strain plot for rGO, 40MoS2, and 60MoS2 free-standing papers. (c) Sodium charge capacity and
corresponding Coulombic efficiency of 60MoS2 electrode cycled at varying current densities. Reproduced with permission from Ref. [37]. Copyright
2014, American Chemical Society. (d) Digital photo shows the flexible property of the as-obtainedMoS2–CNFs film. (e) Rate capacity of theMoS2-CNFs
at different current densities in the potential range of 0.01–3.0 V. Reproducedwith permission fromRef. [39]. Copyright 2015, Nature PublishingGroup.
(f) A digital image of the MoS2 film. (g) Charge (sodiation) and discharge (desodiation) voltage profiles of the sodium ion battery for the first three
cycles at 10 mA g−1 using a MoS2 composite film as the working electrode. Reproduced with permission from Ref. [40]. Copyright 2015, Elsevier.

ing electrodes, the batteries exhibited excellent reversible
capacities, superior rate capacity and outstanding cycla-
bility (Fig. 2e). Other flexible nanocomposite membranes
may also be fabricated by this present strategy for high
performance binder-free electrodes serving as future
flexible SIBs. In addition to MoS2, layered WS2 material
has also exhibited a great deal of attentions for SIBs in
these years. Owing to large volume expansions for Na+

storage, WS2 suffered from poor cycling performance.
To address this problem, Choi et al. [44] prepared WS2
nanosheet-decorated three-dimensional reduced graphene
oxide (3D-RGO) microspheres. When acted as anode ma-
terials for SIB, the hybrid demonstrated superior property.
Another noteworthy advance in flexible SIBs was the intro-

duction of nanocellulose, an aqueous solution to efficiently
disperse 2D materials. Owing to the superior flexibility
of 2D MoS2materials, Li et al. [40] prepared transparent
freestanding MoS2 films (a thickness of 10 μm) by this
method (Fig. 2f). Homogenous MoS2/nanofibrillated
cellulose (NFC)/carbon nanotubes (CNT) electrode com-
posites were also evaluated as SIB working electrode. As a
result, the first cycle discharge capacity at 10 mA g–1 was
about 147 mA h g–1 in the range of 0.1–2.35 V, which was
higher than the pure MoS2 paper battery anode (Fig. 2g).
Overall, the feasibility of using NFC dispersed MoS2 films
is effectively demonstrated as SIB anodes for potential
flexible battery applications. For the first time, Share et al.
[45] prepared WSe2 as anode material for sodium storage.
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By comparing the energetics of WSe2 with WS2 electrodes,
an obvious reduced overpotential of 0.26 V was achieved.
WSe2 displayed an excellent electrochemical performance,
reversible specific capacity of more than 200 mA h g–1 (20
mA g–1) and maintained 60% capacity (400 mA g–1). And
it highlights the promising and practical SIBs application
of WSe2, which predicts its potential application in flexible
sodium ion storage. By further improving and optimizing
the already promising performance, these newborn TMDs
will have broad impact on flexible SIBs.

Other batteries
In addition to the flexible LIBs and SIBs for energy stor-
age, there are rapid developments for flexible magnesium
ion batteries [46], potassium ion batteries [47], lithium-O2

batteries [48] and lithium sulfur batteries [49] for energy
storage. With the development of science and technology,
it will not be long before NB2DMs materials are applied to
these batteries for flexible energy storage.
As has been described above, the NB2DMs such asMoS2,

WS2 and BP have been extensively studied for applications
in flexible batteries. These materials all exhibit excellent
performance in batteries, such as an enhanced specific ca-
pacity, superior cycle stability, rate capability, flexibility and
so on. However, there is no doubt that the NB2DMs will
have tremendous application in flexible batteries, and it will
also boost the development of portable and wearable elec-
tronics.

Supercapacitors
In order to compensate for the lower power densities and
relatively slow charging-discharging rates of rechargeable
batteries, SCs have appeared as an alternative candidate to
batteries and possess a great number of potential advan-
tages in performance, including superior cycle life, ultra-
fast charging-discharging rates, and high power densities
and so on. As one of the most promising energy storage
devices, a new type of flexible SCs is attracting more and
more attention owing to their high power density and great
mechanical strength, which make them very suitable in fu-
ture stretchable electronics.
The selection of active materials in SCs is significant and

enormous efforts have been devoted to NB2DMs for their
large field effectivemobility, excellent stability, low cost and
mechanical properties. Some newborn TMDs have been
greatly explored in providing a huge potential for the de-
velopment of flexible SCs with higher electrochemical per-
formance.
Flexible SCs require new alternative materials with supe-

rior electrochemical performance as well as excellent me-
chanical properties. Salvatore et al. [50] created a sim-
ple mechanically exfoliated process enabling the fabrica-
tion and transfer of few-layers MoS2 thin film transistors
from silicon template to almost any other substrates, no
matter organic or inorganic, flexible or rigid. They mea-
sured a mobility of 19 cm2 V−1 s−1, an Ion/Ioff ratio greater
than 106 and a threshold voltage of about –2 V [50]. In at-
tempting to improve the coulombic efficiency, a solid-state,
flexible, asymmetric SC with good rate, cycling stability,
and improved energy density was created. The asymmet-
ric SC can still be cycled reversibly with the cell voltage
up to 1.4 V, indicating its favorable properties in storing
energy. Different galvanostatic charge-discharge curves of
theMoS2-rGO/multi-walled carbon nanotubes (MWCNT)
SCs at charge-discharge current densities of 0.07 to 2 A
cm–3 were shown in Fig. 3a. The asymmetric SCs can re-
versibly cycle with a cell voltage of 1.4 V, while at the same
time the oxidation current becomes 1.6 V (Fig. 3c). In-
side of Fig. 3c was the photo of the SCs based on a glass
slide. Fig. 3b exhibited the images of the tightly knotted
MoS2/MWCNT and rGO/MWCNT fibers, indicating the
great flexibility of the composites [21]. In another study,
Liu et al. [46] synthesized a 2D tin selenide nanostruc-
ture with a simple solvent method. The as-exhibited high
electrochemical performance and specific capacitance of
these materials indicated a great potential in future elec-
tronic devices, including SCs. Zhang et al. [51] fabricated a
new structure with crystallographic core/amorphous shuck
(Ni3S4/MoS2) by a one-step process. Combining the supe-
riority of flexible amorphous shuck and great capacitance
of the core, the structure showed great capacitance reser-
vation of 90.7% after 3000 cycles at 10 A g−1 . A compos-
ite membrane was made from semi-conductive MoS2 and
submetallic graphene by Bissett et al. [52] and it exhib-
ited a high electrochemical performance of great specific
capacitance (∼11 mF cm−2 at 5 mV s−1), great energy stor-
age property and especially excellent cycle life. Fig. 3d dis-
played the scanning electron microscopy (SEM) image of
MoS2-graphene membrane (1:3). Fig. 3e showed the cyclic
voltammograms (CVs) of the coin cells, from which we
can get that the composite membrane (1:3) possessed su-
perior capacitance compared to its individual components
of MoS2 or graphene [52]. Furthermore, Feng et al. [53]
synthesized a VS2 ultrathin nanosheets with less than five
S–V–S atomic layers by exfoliation. The high-resolution
transmission electron microscopy (HRTEM) and selected
area electron diffraction (SAED) analysis of VS2 were ex-
hibited in Fig. 3f  and  it  indicated the  great  crystallinity
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Figure 3    (a) Charge–discharge curves of theMoS2-rGO/MWCNT asymmetric SC at different current densities. (b)MoS2/MWCNT and rGO/MWCNT
fibers which are tightly knotted. (c) CV of the fiber-based SC at different cell voltage. Inset: photograph of the fiber-based SC on a glass slide. Reprinted
with permission from Ref. [21]. Copyright 2015, Wiley-VCHVerlag GmbH&Co. KGaA. (d) SEM image of theMoS2-graphene membrane with 1:3. (e)
CV curves of the symmetric coin cells built fromMoS2, graphene, and composite membranes (1:3), showing the increased capacitance of the composite
film (scan rate is 50 mV s−1, and the electrolyte is 1 mol L−1 Na2SO4). Reprinted with permission from Ref. [52]. Copyright 2015, American Chemical
Society. (f) HR-TEM and SAED of the VS2 nanosheets. (g) Ion migration pathways of the as-obtained SC. (h) Schematic description of the in-plane
structure of the SC. Reprinted with permission from Ref. [53]. Copyright 2011, American Chemical Society.

and displayed the microcosmic orientation along c axis of
the materials, which provided a great potential for large
applied devices. Figs 3g and h showed the ion migration
route, which provides facile channels for ion transport, and
schematic of the as-made SCs. Through vacuum filtration,
the bulk VS2 flakes can be reduced to a single orientated
VS2 thin film with high conductivity and high specific area
for forming an in-plane SCs. The devices realized a spe-
cific capacitance of 4760 μF cm−2 in the 150 nm in-plane
configuration and exhibited scarcely decrease after 1000
charge/discharge cycles [53].
Recently, MoS2 hierarchical nanospheres were syn-

thesized by Javed et al. [54] via a facile hydrothermal
method. In evaluating the electrochemical performance of

this MoS2-based SCs, high capacitance behavior of these
electrodes at a wide range of scan rates was discovered.
Furthermore, they tested the electrochemical impedance
spectroscopy (EIS) of the SCs by the small semicircle and it
indicated a good electrical conductivity and low resistance.
Meanwhile, the cycling stability was also tested and it
showed only 3.5% decrease after 5000 cycles [54]. In an-
other study, a defect-rich MoS2 ultrathin film was prepared
by a simple hydrothermal method. Due to its adequate
unsaturated sulfur atoms, the as-constructed SCs exhibited
unique electrochemical properties, such as high specific
capacitance retention ratio, great power density and es-
pecially the cycling stability [55]. For further enhancing
the cycling stability, self-supporting 3D MoS2/Ni(OH)2
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nanocomposites were synthesized via a simple microwave
hydrothermal technique. The SCs based on the nanocom-
posites exhibited excellent long-time cycling stability that
reserving 94.2% of the initial capacitance after 9000 cycles,
and it still kept high capacitance of 14.07 mF cm−2 after
the cycling. Therefore, this superb structure can have an
application prospect for small, light-weight and flexible
electronic devices [56]. Ratha et al. [57] synthesized a
layer construction of WS2/RGO hybrids, considering its
probable prospect as SC materials. They tested its elec-
trochemical properties by using CV and charge-discharge
cycles. The hybrids showed greatly enhanced capacitance
of 350 F g−1, higher than RGO and WS2 sheets of 130 and
70 F g−1 [57]. WSe2 can also be prepared for construction
of SC, Chakravarty et al. [58] used a microwave methods
to prepare WSe2-based unique structure, and its cycling
stability and charging-discharging performance are greater
than commonly prepared ones [58].
As discussed above, several TMDs have been widely in-

vestigated. All of them showed a remarkable performance
for flexible SCs, such as high capacitance, cycling stabil-
ity, great conductivity, power density, stretchability and so
on. Therefore, we have faith to believe that NB2DMs-based
high performance flexible SCs will bring about drastic ad-
vances in technology and play a vital role in flexible elec-
tronics.

FLEXIBLE DEVICES RELATED TO ENERGY
CONVERSION
The as-exhibited unique optoelectronic properties of the
NB2DMsmake them become the promising candidates for
optoelectronic applications such as solar cells and photode-
tectors. NB2DMs-based hydrogen evolution devices and
NGs possess good flexibility and promising performances,
which are induced by their highly reactive edge sites and
good electrical conductivity. The recent achievements of
the devices related to energy conversion are discussed in
the following section.

Optoelectronic devices
Flexible optoelectronic devices are mechanically stable
electronics that can generate, detect, interact with or con-
trol light. NB2DMs with direct band gaps in the visible
portion of the electromagnetic spectrum [12], large exciton
binding energies [59], and strong photoluminescence [60]
become the promising candidates for optoelectronic appli-
cations such as solar cells and photodetectors. Meanwhile,
benefiting from their 2D geometry, those materials exhibit
high compatibility with various fabrication methods such

as chemical vapor deposition (CVD) [61] and it makes
them very suitable to construct the flexible optoelectronic
devices on the flexible substrates via direct growth or
transferring.

Solar cells
A solar cell is an electrical device that converts the solar en-
ergy, which is renewable and green, directly into electricity
via the photovoltaic effect. A range of flexible solar cells
have been developed by utilizing the solar energy, which
is one of the most abundant renewable energy. Those de-
vices are built on p-n junctions or heterojunctions to pro-
duce electricity via the photovoltaic effect. Upon the illu-
mination of light, the electron-hole pairs or free carriers of
the active layers could be generated by the incident photons
and photocurrent at the p-n junctions is generated. The ex-
traordinary optoelectronic properties of NB2DMs such as
efficient light absorption and direct band gap make them
the permit building blocks of solar cells [62–70].
Solar cells constructed by NB2DMs-based structures of

other dimensions, such as pillar, wire and dot, have already
been studied. Fan et al. [70] reported a photovoltaic struc-
ture where single-crystalline n-CdS nanopillar arrays were
embedded in polycrystalline thin films of p-CdTe. Highly
periodic anodic alumina membranes (AAMs) formed on
aluminum foil substrates were utilized as the template to
prepare the single-crystalline nanopillar. An SEM image
of as-synthesized structures was shown in Fig. 4a. After
AAMs were partially etched away, a 1 μm photoabsorp-
tion layer of p-type CdTe was then deposited via a CVD
process. A bendable solar cell was realized via utilizing
polydimethylsiloxane (PDMS) as a support substrate (in-
set of Fig. 4b). Compared with planar structures, photo-
electrodes based on CdSe nanopillar arrays could exhibit
enhanced collection of low-energy photons. Therefore, an
enhanced carrier collection efficiency was realized utilizing
this nanopillar-array structure and the performance char-
acterization of the as-prepared flexible solar cell was ex-
hibited in Fig. 4b. The 2D monolayers of semiconduct-
ing (TMDs) possess direct band gaps and could absorb up
to 5–10% of sunlight, which is one order of magnitude
higher than that absorbed by GaAs or Si of the same thick-
ness. However, the power-conversion efficiency (PCE) of
the TMDC stack is only 1–2%, which is significantly lower
than that of GaAs and Si [9]. Therefore, solar cells based on
a heterojunction between monolayer MoS2 and p-Si were
created to achieve a higher PCE [68]. Cr/Ag layers were
deposited on the p-type Si substrate, which removed the
native oxide layer, as the back electrode. Monolayer MoS2
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Figure 4    (a) The SEM image of CdS nanopillar array after partial etching of the AAM. (b) The performance characterization of a flexible solar cell
based on CdS nanopillar array and inset is the schematic diagram of the device. Reprinted with permission from Ref. [70]. Copyright 2009, Nature
Publishing Group. (c) Schematic illustration of the solar cell based on MoS2/p-Si heterojunction and (d) J–V characteristics of the device. Reproduced
with permission from Ref. [68]. Copyright 2014, American Chemical Society.

was then transferred on the top of the substrate and a thin
Al layer was deposited as the top electrode to facilitate
carrier collection via creating an ohmic contact with the
MoS2 monolayer (Fig. 4c). The J–V characteristics of the
MoS2/p-Si heterojunction solar cell was exhibited and a
PCE of 5.23% was achieved (Fig. 4d). This work indicated
that monolayer TMDs based heterojunctions could be the
promising candidates of high-PCE solar cells. In addition,
a strain induced effect could offer a new strategy to im-
prove the solar energy conversion efficiency of a flexible
solar cell. Pan et al. [63] reported the work of enhanced
performance of n-CdS/p-Cu2S coaxial nanowire bendable
solar cells via piezo-phototronics effect. The p-n homo-
junctions are a kind of structures which are constructed by
two same semiconductors with opposite conduction types.
Compare to heterojunctions, photovoltaic devices based
on p-n homojunctions performed superior optoelectronic
properties due to the perfect band alignment and negligible
lattice mismatching. Shao et al. [69] reported a study of
flexible photovoltaic devices based on CdS p-n homojunc-
tion. CdS nanoribbons (NRs) p-n homojunctions could be
constructed by selectively decorating the NRs with MoO3

nanodots (NDs) at defined area and the as-based flexible
photovoltaic devices exhibited high PCE value of 5.48%.

Photodetectors
Photodetectors are energy conversion electronics that can
convert light signals to electric signals. Therefore, those
devices could be applied in various practical applications
like imaging, communication devices and various sensors
for safetymonitoring and possess significant importance in
our daily life. The basic theory of photodetectors is simi-
lar to that of photovoltaic devices. Upon the excitation of
light, the bound electron-hole pairs are generated by the
incident photons whose energy is greater than the band
gap of the semiconductor and the yielded photocurrent is
correlated with light intensity [15]. Compared to silicon
with an indirect band gap or graphene without a band gap
[59], NB2DMs with tunable direct band gap and high ab-
sorption efficiency have emerged as potential candidates
for next-generation flexible photodetectors [22,71–84].
Monolayer MoS2, as one of the typical semiconductor

with a direct band gap from the TMDs family, could be
a promising material for photodetectors where the direct
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band gap would allow a high absorption coefficient and
efficient electron-hole pair generation under photoexcita-
tion. Lopez-Sanchez et al. [22] reported a work for ultra-
sensitive monolayer MoS2 photodetector (Fig. 5a) with a
photoresponsivity of 880 A W–1 (Fig. 5b), which is about
six order of magnitudes higher than the previous report for
monolayer graphene. This improvement was mainly in-
duced by the direct band gap. In addition, the presence of a
band gap and the high degree of electrostatic control could
induce to a low dark current, which makes the monolayer
MoS2-based photodetectors can be turned off. However,

the devices suffered an intrinsic limitation of slow photore-
sponse dynamics and the resulted response time is long as 4
s. Chen et al. [73] reported the study of flexible photodetec-
tors based on ultrathin Bi2S3 nanosheets (Fig. 5c) and the
devices exhibited relatively fast response time as 10 μs (Fig.
5d). The bulk direct band gap of 1.3 eV and large absorp-
tion coefficient of Bi2S3makes it a promising activematerial
of broadband photodetectors. The fast response time can
be attributed to the contact quality and intrinsic properties
of the active layer. The Bi2S3 nanosheets performed in the
devices  were  synthesized  from the reaction  of  triphenyl

Figure 5    (a) 3D schematic view of the single-layer MoS2 photodetector and (b) the photoresponsivity of the device, showing high sensitivity. Repro-
ducedwith permission fromRef. [22]. Copyright 2014, Nature PublishingGroup. (c) Photograph of the flexible device based on 2DBi2S3 nanostructures
andmicrograph of a typical device (inset). (d) Themagnified plots of one response cycle for demonstrating the response time. Reproduced with permis-
sion from Ref. [73]. Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA. (e) The schematic illustrations of a few layer InSe-based photodetector
and (f) the spectral responsivity and calculated external quantum efficiency (EQE) of the device illuminated at 450−785 nm. Inset is a digital image of
the as-fabricated flexible device on PET. Reproduced with permission from Ref. [78]. Copyright 2014, American Chemical Society. (g) Photograph of
the instrument used for bending and the picture of the flexible device based on 2D Pb1−xSnxSe. (h) Time trace of photoresponse bending the device for
100 times. Reproduced with permission from Ref. [84]. Copyright 2015, American Chemical Society.
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bismuth with dibenzyl disulfide and a thickness down to
2.2 nm was achieved for the first time. Meanwhile, the
Bi2S3 nanosheets-based bendable photodetectors were fab-
ricated on the polyethylene terephthalate (PET) substrates
via a facile drop-deposition process. The as-prepared de-
vice showed excellent photoresponse properties with a re-
sponsivity of 4.4 A W−1.
Photodetection range is another crucial index to evalu-

ate the performance of photodetectors [75]. InSe exhibits
stronger quantum confinement compared to those of the
other group IIIA−VIA family due to its narrower band gap
and smaller exciton reduced mass. This makes it possi-
ble to achieve the controllability of the band gap of the
constructing materials for the spectrally tunable devices.
Thus, broadband photodetection from the visible to near-
infrared region (450−785 nm) with high photoresponsivi-
ties of ~12.3 A W−1 was achieved by few layer InSe-based
photodetectors [78]. Flexible devices were also fabricated
utilizing PET substrates and exfoliated InSe samples (Fig.
5e). The photoresponsivity and photoswitching stability of
the devices were performed well before and after bending
and the measured data were comparable to the value of the
devices on the SiO2/Si substrates (Fig. 5f). Meanwhile, the
few-layered InSe photodetectors also exhibited long-term-
stable photoswitching performance. Pb1−xSnxSe, a kind of
topological crystalline insulators with a narrow band gap
(0.43 eV), was utilized to construct photodetectors with
bored spectra response, which is ranging from ultraviolet
(UV) to infrared light (375, 473, 632, 800, and 980 nm)
[84]. The growth of Pb1−xSnxSe nanoplates with a thick-
ness of ∼15−45 nm were realized by van der Waals epitaxy
(vdWE) strategy on mica sheets. Flexible photodetectors
were then fabricated (Fig. 5g) and the as-prepared devices
exhibited fast, stable, and reversible photoresponse even af-
ter being bent for 100 times (Fig. 5h). It indicated that
2D Pb1−xSnxSe-based photodetectors on mica sheets pos-
sess great potential in flexible and wearable optoelectronic
applications. We believe that further exploration of various
NB2DMs is of great significance to be executed to the per-
formance of flexible optoelectronic devices.

Hydrogen evolution
Over use of fossil fuels has a significant influence on air pol-
lution and global warming. Therefore, developing a clean,
renewable alternative energy source to replace fossil fuels is
in urgent need. Among the multifarious energy strategies,
fabricating a universal flexible energy structure where hy-
drogen is employed as the energy source can bring about a
cleaner energy future. An applicable method of H2 produc-

tion is the electrolysis of water. In this way, this reaction re-
quires catalysts to reduce the overpotential (the difference
between the applied potential and thermodynamic poten-
tial of a given electrochemical reaction). Beyond the most
efficient catalysts like platinum group metals, non-noble
metal compounds are abundant on earth, such as TMDs.
They have been widely used in the past decade owing to
their high specific surface area and electronic properties.
Therefore, making full use of them in hydrogen evolution
reaction (HER) is significant in meeting the energy con-
sumption present at a large scale. Highly active and flex-
ible inexpensive hydrogen evolution catalysts are required
tomake the water splitting process more efficient, econom-
ical and nimble.
To make the HER perform better, Zhang et al. [85] re-

ported the controllable synthesis of arborescent, transfer-
able and rigidmonolayerMoS2 on SrTiO3 byCVDmethod.
Then the MoS2 layers with different coverage and domain
sizes were transferred to Au foils for HER activity testing.
As expected, Tafel slope reached 73 mV/decade, which is
lower than the previous one grown on glassy carbon elec-
trodes. With rapidly increasing demand, an edge-oriented
MoS2 film was obtained by reaction of sulfur with Mo ox-
ide sponge, as shown in Fig. 6a. After reacting with sulfur,
the color of Mo foil becomes gray, meanwhile, the MoS2
on the Mo foils shows great flexibility (Fig. 6b). Excellent
activity and long-time cycling stability were shown in the
HER measurement. Fig. 6c indicated the optimal anneal-
ing time for edge-oriented MoS2 films and it can be con-
cluded that too long or too short annealing time will lead to
an improper overpotential [86]. Compared toMoS2, cobalt
sulfides have been employed as an efficient catalysts in oxy-
gen reduction reactions (ORR). Peng et al. [87] prepared a
conductive, flexible and ropy CoS2/rGO-CNT nanostruc-
ture for its potential use in wearable electronics. Fig. 6d
showed a schematic graph of the prepared CoS2/rGO-CNT
film. The obtained film with unique 3D structures exhib-
ited excellent HER performance with a Tafel slope of about
51 mV/decade. From Fig. 6e we can get the information
that the composite film showed better HER properties than
bare CoS2 or CoS2/rGO. (The bare CoS2 and CoS2/rGO
were tested based on glassy carbon electrodes, and all sam-
ples were tested in a 0.5 mol L−1 H2SO4). Moreover, TMDs
are also used for solar hydrogen production, for example,
Benck et al. [88] designed a structure of silicon photocath-
odes loaded by MoS2 nanomaterials. In this study, they
found thatMoS2-n+p Si photocathode structure showed the
onset potential of –0.25V vs. RHE and great durability of
more than 24 h. In another work, a new composite film
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of MoSe2-rGO/polyimide was synthesized. Then the pho-
toelectric properties was tested and a special behavior dif-
ferent from other HER catalysis was exhibited. It had a
photo-free character whether in dark or irradiation. A fa-
vorable effect and good stability of the devices were shown.
After 100 cycles, it still kept a Tafel slope of 82 mV per
dec [89]. Mo2C, as a new two-dimensional material, also
have been studied as the solar hydrogen production cata-
lyst. Fig. 6f displayed the SEM image of the photocath-
ode based on Mo2C, where different layers were visible.

The photocathode exhibited high activity and good stabil-
ity both in H2SO4 and KOH, as shown in Fig. 6g and h. The
performance was superior to that ofW2C deposited on c-Si
photocathodes and was only to support the Pt catalyst [90].

Nanogenerators
NGs based on nanoscale materials have so far been devel-
oped for effective power generation. This device has the
potential to largely improve the capability of mechanical
energy harvesting  with  compact  designs,   which  might

Figure 6    (a) Photos of the obtained electrodes. It shows the obvious difference between the Mo oxide (left) and MoS2 (right). (b) Photograph showing
the flexibility of the as-obtained edge-oriented MoS2 film. (c) Polarization curves of the MoS2 films for different time durations (at 5 mV s−1, 300°C).
Reprinted with permission from Ref. [86]. Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA. (d) Image of CoS2/RGO-CNT flexible film. (e)
Polarization curves of the bare CoS2, CoS2/RGO on glassy carbon electrodes and the CoS2/RGO-CNT composite film electrodes (in 0.5 mol L−1H2SO4).
Reprinted with permission from Ref. [87]. Copyright 2014, WILEY-VCHVerlag GmbH&Co. KGaA. (f) SEM image of the acquired a-Si photocathode.
Polarization curves of Mo2C andMoC catalyst films which were sputtered onto FTO in (g) 0.1 mol L−1H2SO4 and (h) 1 mol L−1 KOH respectively (scan
rate of 5 mV s−1). Reprinted with permission from Ref. [90]. Copyright 2015, American Chemical Society.
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eventually lead to an effective power supply for self-pow-
ered systems with much higher energy density and effi-
ciency, longer lifetime as well as lower cost. With the rapid
development of technology, there are so many convenient
and wearable electronic devices, such as flexible circuitries,
pliable sensors, stretchable displays, epidermal electron-
ics and implantable devices. So the demands for flexible
and efficient energy harvesting and storage devices have
increased. Herein, a new age of electronics should be in-
vented with appropriate shapes as well as maintaining the
high-performance of the device. Taking this into consider-
ation, there are so many difficulties proposed in front of us,
such as a sustainable power source supply, obbligato wire
connections and convenient operations. An efficient way to
solve the difficulties is to integrate NB2DMs with a power
generator to scavenge the environmental energy, especially
for the mechanical energy from stretching motions. There
have been so many groups made their attempts to develop
flexible and stretchable power generators. However, the
output performances of the devices still need further en-
hancement for practical applications.
Wu et al. [91] had first synthesized a piezoelectric NG

with a single-atomic-layer MoS2 in 2014, which exhibited
the piezoelectric properties and energy conversion effi-
ciency of 2D MoS2. They used a mechanically exfoliated
method to prepare MoS2 flakes and then tested its piezo-
electric response via acting the strain on the device. Then,
they found that polarization charges can push the electrons
flow in circuit external at the edges of the sample. Further-
more, they discovered the relationship between the layer of
MoS2 and piezoelectric signal. They found that no signal
was detected when the atomic layer was even number or
bulk, but a strong second-harmonic generation (SHG) in-
tensity was detected when the atomic layer number is odd.
Finally, they constructed an array of single-layer MoS2
flakes for energy conversion device. No matter the flakes
were connected in series or in parallel, the array can lead to
an enhancement to the output voltages or currents [91]. In
conclusion, flexible NGs can be a reliable and stable power
source for flexible device. Although not much progress has
been made in this field, we believe that the introduction of
NB2DMs can promote its development greatly.

SUMMARY AND OUTLOOK
We have briefly reviewed the recent progress in the next-
generation flexible energy storage and conversion systems
based on the NB2DMs. This category of atomic-scale ma-
terials exhibited excellent mechanical stability, novel opto-
electronic properties, high theoretical specific capacity and

power density. Therefore, they had been attracting tremen-
dous attention in multidisciplinary subjects related to flex-
ible energy conversion and storage processes. In this mini-
review, the main part was devoted to introducing recent
studies on the applications in flexible energy conversion
devices including solar cells, photodetectors, fuel cells, hy-
drogen evolution devices and NGs, and those energy stor-
age devices including SCs and batteries. One can find that
the NB2DMs with unique features beyond the main prop-
erties (specific capacity for batteries or band gaps for op-
toelectronic devices) can attract more attention of the re-
searchers, which can lead to the construction of devices for
special purpose, e.g., WSe2 can be employed as the anode
material of SIBs to realize an obvious reduced overpoten-
tial. Therefore, discovering the unique NB2DMs and ap-
plying them to the proper devices will be one of the most
familiar ways that possess great potential in the near future.
One of the powerful evidences is that the extremely weak
van der waals coupling of ReS2 can construct a high-cur-
rent-density LIB. [17] However, there are still many chal-
lenges to be addressed for realizing it. For example, devel-
oping 2Dmaterialswith both high electric conductivity and
optoelectronic performance remains a challenge. Fabricat-
ing composites with high-conductivity graphene is still re-
quired for those materials to be applied in batteries or SCs.
Hence, to explore novel NB2DMs with desirable optoelec-
tronic properties (e.g., tunable direct band gaps), high the-
oretical specific capacity and good conductivity are of great
significance to overcome the limitations of nowaday wear-
able devices. We believe that it can promote the practical
applications of the flexible energy devices and the systems
will emerge to our daily life accompanying with the tech-
nological breakthroughs in material production and device
design. To sum up, NB2DMs pave a new way for the con-
struction of next-generation flexible energy devices with
improved performance and we believe the related applica-
tionswill be seen in our daily lives and improve our lifestyle.
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新兴二维材料在柔性能源存储和转换中的应用
刘津欣,曹慧,江贝,薛迎辉,付磊*

摘要   近年来,智能可穿戴电子产品开始走入我们的日常生活,同时也极大地激发了研究者们对柔性能源的研究兴趣. 以过渡金属二硫族
化合物为代表的新兴二维材料表现出了优秀的光电和机械性能、高的理论比容量等性质,使其在柔性能源存储和转换领域备受关注. 相
比于零带隙且比容量低的石墨烯或者硅等传统材料,这些新兴的二维材料在构筑柔性光电器件及二次电池方面具有良好的应用前景. 本
文综述了新型二维材料在二次电池、超级电容器、太阳能电池、光电探测器和纳米发电机等柔性能源应用领域的突破性进展. 虽然目前
这个新兴领域仍面临众多问题,但是通过结构与材料的设计与优化,有望在不久的将来逐步得到解决. 我们相信这些新兴二维材料的应用
将显著提高柔性能源器件的性能,并推动可穿戴电子产品在我们日常生活中的普及.
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